ABSTRACT
INTRODUCTION

41
What are the learnability factors of speech? As children learn to talk many factors, such as their 
65
trajectory is an important factor in speech learnability is that it carries detailed information about 66 the evolution of a vowel sound that provides more precise representation of its auditory goals.
67
It is found that over the course of training learners show a progressive decrease in one-lag 68 covariance, which means that their production becomes less and less similar to the feedback 69 received, thus, reaching their speech goals. The non-learners, on the other hand, do not 70 compensate for the perturbation, produce utterances that remain very similar to the feedback 71 received and, consequently, they follow the perturbation and fail to reach their intended goals.
72
Their one-lag covariance does not change significantly over the course of learning. The one-lag 73 covariance between formant trajectories, thus, constitutes a significant factor of speech 74 learnability.
76
Although it may seem surprising that formant trajectory (Cai et al. 2011; Weismer et al. 1992) 77 informs about the speech motor learnability, it speaks to the complex landscape of speech 78 goals (Lametti et al. 2012 
91
Based on our findings we anticipate that the studies of formant dynamics will provide 92 constraints for better understanding of the neural bases of speech production. Using formant 93 trajectories it is possible to map the variability landscape in vowel production that could then be 94 used to assess how sensory feedback contributes to the ongoing control of speech sounds and 95 the role it plays in motor speech disorders.
97
MATERIALS AND METHODS
98
Subjects: 31 native English speakers (26 females) participated in the experiments (29.5 ± 3.05 99 yrs). The Northwestern University Institution Review Board approved the experimental protocol.
100
Subjects reported normal speech and hearing and gave informed consent before participating.
101
All subjects were naive to the experimental manipulation upon initial recruitment.
102
Experimental setup and task: Subjects were seated in front of a computer monitor in a sound unidirectional microphone (Sennheiser). Subjects were instructed to speak the word displayed 105 on the monitor at a conversational loudness level that was monitored by a digital level meter.
106
Each word prompt lasted 1.5 s and the inter-prompt interval was approximately 2.5 s.
108
The auditory adaptation experiment had three phases that were run in blocks of 12 trials. The 109 first was a 6-block baseline phase, the second a 15-block training phase, and the third a 5-block 110 after-effect phase. In the baseline and after-effect phases subjects received normal auditory 111 feedback while in the training phase auditory feedback was perturbed by shifting the first two 
138
In order to quantify adaptation we wanted to make sure that the formant frequency at the end of 139 training phase was sufficiently different from those at the baseline phase. This was done on a
140
per subject basis using a one way ANOVA followed by Tukey's HSD posthoc test according to 141 which 16 subjects altered their production such that the average formant frequency at the end 142 training was significantly higher (p < 0.01) than the baseline.
144
The amount of learning was quantified by taking the average difference between the formant 145 frequencies of the end of training and baseline phases that was then normalized by the baseline 146 average. The learners therefore showed a positive amount of learning while for the non-learners 147 it was mostly negative.
149
It should be noted that learners and non-learners received similar amount of auditory shifts
150
(t(29) = 1.22; p > 0.5) and, hence, the observed differences between the two groups can't be 151 attributed to the differences in feedback perturbation received. 
160
One-lag cross-covariance estimates were generated for each utterance by computing 161 covariance between the formant trajectory during the production of the n-th trial (P n ) and the 162 feedback trajectory at the previous (n-1)-th trial (F n-1 ). The maximum of absolute covariance was 163 used for further analysis.
165
Additionally cross-correlation coefficients were generated between the two time series
166
consisting of the first formant frequencies from the production trials and those from the 167 preceding feedback trials.
169
Statistical analysis: A split-plot ANOVA followed by Tukey's HSD posthoc tests were used to 170 assess significant statistical differences for each covariance measure by doing a comparison 171 between learners and non-learners, and among the experimental phases (baseline, early and 172 late training, and after-effect). The same split-plot test was used to assess the differences in 173 terms of learning between learners and non-learners.
174
175
RESULTS
176
We have tested the idea that detailed feedback information as conveyed by formant trajectory is 
194
The learners, thus, eventually reach their intended speech goals, while the non-learners do not. 
222
To examine the role of feedback in learning, we computed one-lag covariance between the 223 formant trajectories associated with the current feedback and the subsequent production trials.
224
Figure 3A displays probability distributions of one-lag covariance over all the trials for learners 225 and non-learners at different experimental phases. Notice that under normal auditory feedback,
226
during the baseline and after-effect phases, the distributions are strikingly similar between the 227 two groups, and in after-effect both distributions are skewed to the right. In contrast, in the 228 presence of auditory feedback alteration the two groups are highly dissimilar; with the learners 229 the distribution is skewed to the left, while for the non-learners it is to the right. This presumably 230 highlights differences in the feedback control, and hence error compensation, between the two Figure 3B shows one-lag covariance averaged across subjects for different experimental 234 phases for both groups. Consistent with the probability distributions, both groups have similar 235 covariance values for the baseline and the after-effect when subjects receive normal auditory 236 feedback. Over the course of training however, during which feedback is altered, the covariance 237 progressively decreases for the learners; this illustrates that the current production of a speech 
248
To evaluate whether one-lag covariance is a predictor of learning we correlated between the 249 amount of learning and the covariance ( Figure 3C ) and found a significant negative correlation 250 between the two (r = -0.83; p < 0.0001). Hence, the better the learner is, the higher the 251 dissimilarity is that builds up over the course of training between the current feedback and the 252 subsequent production.
254
Finally, we carried out additional one-lag correlation analyses using point estimators such as the 255 average of the formant trajectory for each spoken utterance. Figure 4A shows a modified one- 
277
We also analyzed the correlation between feedback and subsequent production using average 278 formant frequency for each trial, rather than the entire trajectory, and failed to detect any 279 differences between learners and non-learners. Additionally, using the average formant 
291
Our analyses focused only on the first formant trajectories, since in the learning task it was the 292 vowel height that was the primary target for perturbation. The first formant frequency was 293 perturbed in proportion by about 50%, compared to less than 10% in the second, and therefore 294 the role of the second formant frequency in the motor task is expected to be minimal.
296
It is rather remarkable that little attention has been paid to learning variability in speech motor 
446
Normalized first formant frequency averaged across subjects. It can be seen that subjects learn 
